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Summary
The crystal structures of ADP bound and nucleotide-
free forms of molecular chaperone-like diol dehydra-
tase-reactivating factor (DDR) were determined at 2.0
and 3.0 A˚, respectively. DDR exists as a dimer of heter-
odimer (ab)2. The a subunit has four domains: ATPase
domain, swiveling domain, linker domain, and insert
domain. The b subunit, composed of a single domain,
has a similar fold to the b subunit of diol dehydratase
(DD). The binding of an ADP molecule to the nucleo-
tide binding site of DDR causes a marked conforma-
tional change of the ATPase domain of the a subunit,
which would weaken the interactions between the
DDR a and b subunits and make the displacement of
the DDR b subunit by DD through the b subunit possi-
ble. The binding of the DD b subunit to the DDR a sub-
unit induces steric repulsion between the DDR a and
DD a subunits that would lead to the release of a dam-
aged cofactor from inactivated holoDD.
Introduction
Enzymatic radical catalysis is defined as the mechanism
of catalysis by which enzymes catalyze chemically diffi-
cult reactions by utilizing the high reactivity of radicals
(for a review, see Toraya, 2003). Coenzyme B12 or ad-
enosylcobalamin (AdoCbl)-dependent enzymes are typ-
ical radical enzymes and form an adenosyl radical and
Co(II) by homolytic cleavage of the cobalt-carbon (Co-
C) bond of the coenzyme (for reviews, see Banerjee,
1999, 2003; Dolphin, 1982; Toraya, 2003). AdoCbl-de-
pendent diol dehydratase (DD) (EC 4.2.1.28) is one of
these enzymes and catalyzes the conversion of 1,2-pro-
panediol, 1,2-ethanediol, and glycerol to the corre-
sponding aldehydes (Lee and Abeles, 1963; Toraya
et al., 1976). Since radical enzymes form a highly reac-
tive catalytic radical in the active site, they tend to un-
dergo mechanism-based inactivation (suicide inactiva-
*Correspondence: toraya@cc.okayama-u.ac.jption) by certain substrates or coenzyme analogs (for
a review, see Toraya, 2003). In the case of DD, the dehy-
dration of 1,2-propanediol proceeds linearly with time,
but the enzyme undergoes irreversible inactivation by
glycerol during catalysis (Bachovchin et al., 1977; Tor-
aya, 2000; Toraya et al., 1976) or O2 inactivation in the
absence of substrate (Wagner et al., 1966). Such inacti-
vation is accompanied by the irreversible cleavage of
the Co-C bond of the coenzyme (Figure 1A). The result-
ing damaged cofactor remains tightly bound to apoen-
zyme, which brings about the inactivation of enzymes.
The inactivation of DD by glycerol seemed enigmatic,
because glycerol is a growth substrate for the bacteria
that produce this enzyme (Abeles, 1966; Toraya, 1999,
2000; Toraya et al., 1978, 1980). Rapid reactivation takes
place in situ (in toluenized cells) when ATP and Mg2+ are
added to the completely inactivated system in the pres-
ence of AdoCbl (Honda et al., 1980; Ushio et al., 1982).
We found that a proteinaceous factor is responsible
for the rapid reactivation of the inactivated holoDD in
the presence of AdoCbl, ATP, and Mg2+ and named it
a DD-reactivating factor (DDR) (Mori et al., 1997a).
We identified two open reading frames in the 30 flank-
ing region of the DD genes (pddABC) of Klebsiella oxy-
toca as the genes encoding DDR and designated them
ddrAB (corresponding to pduGH) (Figure 1B) (Mori
et al., 1997b). Recombinant DdrA (a subunit) and DdrB
(b subunit) form a tight a2b2 complex that actually func-
tions in vitro as a reactivating factor for glycerol-inacti-
vated holoDD in the presence of AdoCbl, ATP, and
Mg2+ (Toraya and Mori, 1999). O2-inactivated holoen-
zyme and the inactive enzyme$cyanocobalamin com-
plex also undergo rapid reactivation and activation, re-
spectively, by DDR under the same conditions. DDR
mediates the ATP-dependent exchange of the enzyme
bound cyanocobalamin for free adeninylpentylcobala-
min, but the reverse is not the case. It was demonstrated
that the function of DDR is to release a tightly bound ad-
enine-lacking cobalamin from the enzyme. The apoen-
zyme formed is reconstitutable into active holoenzyme
(Figure 1A) (Mori and Toraya, 1999). Cobalamins con-
taining the adenine ring in the upper axial ligand, such
as AdoCbl and adeninylpentylcobalamin, are not re-
leased from the enzyme under the conditions. ADP
bound and ATP bound DDRs are the high-affinity and
low-affinity forms of DDR, respectively. It was estab-
lished that the reactivation of the inactivated holoen-
zymes by DDR takes place in two steps: (1) ADP-
dependent cobalamin release and (2) ATP-dependent
dissociation of the resulting apoenzyme$DDR complex
(Figure 1C). ATP plays dual roles, that is, as a precursor
of ADP for the first step and as an effector that induces
the conformational change of DDR into the low-affinity
form for DD. As suggested by sequence homologies
(Mori et al., 1997b), gdrAB (dhaB4 and orf2b) of Klebsi-
ella pneumoniae (Tobimatsu et al., 1999) and dhaFG of
Citrobacter freundii (Seifert et al., 2001), the orthologs
of gdrAB, were identified as the genes encoding a glyc-
erol dehydratase-reactivating factor (GDR). GDR reacti-
vates the inactivated glycerol dehydratase by a similar
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1746Figure 1. Diol Dehydratase-Reactivating Factor
(A) Reactivation of inactivated holoDD by exchange of a damaged cofactor for intact coenzyme. AdoH, 50-deoxyadenosine; CblII, cob(II)alamin;
CblI, cob(I)alamin; X-Cbl, a damaged cofactor. Dotted lines indicate the reactions outside of DD.
(B) Organization of the genes for DD and DDR in the pdu operon.
(C) Postulated mechanism of reactivation of inactivated holoDD by DDR. E, apoDD; RF, DDR; AdoH, 50-deoxyadenosine; Cbl, cobalamin.mechanism to that of DDR (Kajiura et al., 2001). Very re-
cently, we identified eutA of Escherichia coli as the
gene encoding an ethanolamine ammonia lyase-reacti-
vating factor (Mori et al., 2004). These are a new type of
molecular chaperones that are involved in the reactiva-
tion of inactivated enzymes (Kajiura et al., 2001; Mori
and Toraya, 1999; Mori et al., 2004; Toraya, 2003; Toraya
and Mori, 1999). They actually show fragmentary se-
quence similarities with Hsp70 family molecular chaper-
ones (Mori et al., 1997b, 2004; Tobimatsu et al., 1999).
The regions that show similarity constitute the ADP bind-
ing site of Hsp70 (Bork et al., 1992; Flaherty et al., 1990),
and this finding led us to predict that they may share the
actin-like fold. The reactivating factors mediate the re-
lease of a tightly bound, damaged cofactor from the inac-
tivated holoenzymes. The damaged cofactor released is
back-converted to AdoCbl by reductive adenosylation
outside of the enzymes (Figure 1A).
In this paper, we report the X-ray structures of ADP
bound and nucleotide-free forms of DDR of K. oxytoca.
The mechanism of release of a damaged cofactor from
inactivated holoDD upon ADP binding to DDR is also dis-
cussed here. A preliminary paper on the crystallization of
DDR has recently been published (Mori et al., 2005). A pa-
per that reported the X-ray structure of the nucleotide-
free form of GDR has been published (Liao et al., 2003b).
Results and Discussion
Overall Structure
Both ADP bound and nucleotide-free forms of DDR were
crystallized in the P212121 space group with two ab het-
erodimers in the asymmetric unit. As deduced from the
molecular weight determination (Toraya and Mori,
1999), DDR is composed of two a subunits and two
b subunits that are actually assembled as a dimer of
ab heterodimer related by a noncrystallographic 2-fold
axis (Figure 2A). The interaction between the two a sub-
units mainly contributes to the dimerization of the heter-
odimers. The two b subunits are separately bound to
each of the two a subunits, but there is some interaction
between them in the heterotetramer.Structure of Each Subunit
The a subunit is a gun-shaped molecule that has four
domains, namely, the ATPase domain, the swiveling do-
main, the linker domain, and the insert domain (Figures
2B and 2C), that are designated after the structure of
GDR (Liao et al., 2003b). All of the domains found in
the a subunit of GDR are conserved in the structure of
the DDR a subunit as well. It should be noted that
each domain of the a subunit has two connection sites
to its adjacent domain(s): ATPase domain-linker domain
at A76-T77 and M370-Q369, ATPase domain-insert do-
main at Y464-P465 and D511-G510, linker domain-swiv-
eling domain at S96-T97 and T249-K248. This means
that each domain, except the ATPase domain, is in-
serted in its upstream domain, not just linked with a sin-
gle linkage.
The ATPase domain, located in the grip of the gun, is
a core domain, which generates the driving force of re-
activating factor activity. The ADP molecule occupies
the nucleotide binding site of DDR in a similar manner
as that found in the ATPase domain of hsc70. This do-
main has no direct interaction with the b subunit, but it
can indirectly influence the interaction of the b subunit
with the a subunit through the insert domain, which is di-
rectly connected to the ATPase domain, and the swivel-
ing domain of the neighboring a subunit. The linker
domain is a b strand-rich domain connecting the swivel-
ing domain and the ATPase domain. Three b strands, b5,
b17, and b18, that form the backbone of the linker do-
main and the barrel of the gun, are almost parallel or an-
tiparallel to the a10 and a12 helices in the ATPase do-
main (Figures 2B and 3). These three b strands of the
linker domain form tight interactions with the ATPase
domain, mainly through these two helices. This domain
is the only domain that has no van der Waals contact to
the other subunits. The role of this domain is probably to
connect the ATPase and swiveling domains and to hold
the swiveling domain at the proper position.
The insert domain, the trigger of the gun, is located
between the a11 and a12 helices of the ATPase domain
and can be regarded as a part of the ATPase domain.
The insert domain is the simplest in this protein and
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Bound Form
(A) Ribbon drawing of the DDR. The color co-
des for each subunit: blue, a subunit (A
chain); pink, b subunit (B chain); green, a sub-
unit (C chain); orange, b subunit (D chain). The
colors gradually deepen as residue numbers
increase. The bound ADP molecule and diva-
lent cations are shown in magenta ball-and-
stick and green sphere models.
(B) The Ca trace of the DDR ab heterodimer.
Colors ranging from cyan to purple are used
for the a subunit, and colors ranging from
pink to red are used for the b subunit. The
stick model shown in light gray indicates the
ab dimer in the nucleotide-free form.
(C) Domain structure of the DDR ab hetero-
dimer.
(D) Structural comparison between the DDR
b subunit (pink) and the DD b subunit (dark
green). The cobalamin molecule of DD is
shown as a stick model. The labels a4, b1,
b7, and 310 indicate a4-DDb, b1-DDb, b7-
DDb, and 310-DDb, respectively.
(E) The metal ion binding site between the
a and b subunits in the ADP bound form of
DDR. Amino acids involved in metal binding
are shown in ball-and-stick models. These
figures were generated by using the pro-
grams MOLSCRIPT (Kraulis, 1991) and RAS-
TER3D (Merritt and Bacon, 1997).contains a five-stranded antiparallel b sheet. The insert
domain bridges the gap between the ATPase domain
and the b subunits in the same and neighboring dimers.
The swiveling domain, inserted between S96 and T249
of the linker domain and located at the muzzle of the
gun, has no direct interaction with the ATPase domain
of the same a subunit, unlike the insert and linker do-
mains. In the (ab)2 heterotetramer, however, the swivel-ing domain structurally connects the b subunit and the
ATPase domain of the other a subunit. The swiveling do-
main has van der Waals contact with the C-terminal end
of the a1 helix of the b subunit.
The b subunit displays a Rossmann-like fold with five
b strands and three a helices (Figure 3). As suggested
from the sequence similarity with the b subunits of DD
(Mori et al., 1997b) and glycerol dehydratase (Tobimatsu
Structure
1748Figure 3. Alignment of the Amino Acid Se-
quences of DDR and GDR
The secondary structural elements based on
those of DDR are marked above the se-
quence alignment. The a and b subunits are
shown sequentially. This figure was drawn
with ALSCRIPT (Barton, 1993).et al., 1999), the b subunit has a similar fold to the GDR
b subunit (Liao et al., 2003b) and to the b subunits of
DD (Shibata et al., 1999) or glycerol dehydratase (Liao
et al., 2003a; Yamanishi et al., 2002), except that the first
(b1-DDb) and the last (b7-DDb) b strands, the 310 helix
(310-DDb), and the fourth a helix (a4-DDb) of the DD
b subunit are lacking in the DDR b subunit (Figure 2D).
Both the 310-DDb and the a4-DDb regions contain im-
portant residues for cobalamin binding to DD. Moreover,
other residues involved in cobalamin binding are not
conserved in DDR. This would indicate that the binding
affinity of the DDR b subunit to cobalamin is much lower
or almost lost.
Subunit Interactions
The domains of the a subunit located in the interface be-
tween the a and b subunits and thus suggested to be in-
volved in the interaction with the b subunit are the swiv-
eling domain of the same ab dimer and the insert
domains of both a subunits. Salt bridges and hydrogen
bonds are predominant on the interface between the
b subunit and the swiveling domain, whereas hydropho-bic interactions play a main role in the interaction be-
tween the b subunit and the insert domains of both
a subunits.
It should be noted that a metal ion found on the inter-
face between the a and b subunits seems to play an im-
portant role in the formation of the ab dimer, although
hydrophobic force is mainly responsible for the interac-
tions between them. Six ligands, OD1(Da166), OD1
(Da183), O(Ta105), OG1(Ta105), OE1(Eb31), and a water
molecule, coordinate to the metal ion (Figure 2E). All 4
amino acid residues are completely conserved in both
DDR and GDR. The coordinations of these residues to
the metal ion are maintained in DDR no matter whether
ADP is bound or not. In the ADP bound form of DDR,
however, the temperature factor of the metal ion be-
came significantly higher than the averaged value of its
ligating atoms by approximately 11 A˚2 (38.3 A˚2 versus
26.7 A˚2) when refined as a Ca2+ ion, whereas it became
comparable (27.5 A˚2 versus 26.7 A˚2) when refined as
a Mg2+ ion. The averaged bond distance between the
carboxylates and the metal ion is 2.20 A˚, comparable
to the typical value for the Mg2+ ion (2.26 A˚) and
Structures of Diol Dehydratase-Reactivating Factor
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A˚) (Harding, 2001). The distances between the other li-
gating atoms and the metal ion are shorter than the val-
ues for the Ca2+ ion. These lines of evidence indicate
that the Mg2+ ion is a more suitable metal ion than the
Ca2+ ion in the present structure of the ADP bound
form of DDR, although they are indirect proofs. This
metal ion has been reported to be a Ca2+ ion in the nucle-
otide-free form of GDR (Liao et al., 2003b). In the case of
the nucleotide-free form, we assigned a Ca2+ ion to the
metal ion in this site, since the temperature factor of
the ion was comparable to those of the ligating atoms
when refined as a Ca2+ ion. It was thus suggested that
the Ca2+ ion bound at this site of the nucleotide-free
form of DDR is substituted by a Mg2+ ion in the ADP
bound form when DDR is incubated with ADP and
Mg2+. Since ATP and Mg2+ are absolutely required for
the reactivation, it is likely that Mg2+ is a functional diva-
lent cation. It might be possible that a Mg2+ ion occupies
this site in vivo and is replaced by a Ca2+ ion in the puri-
fication of DDR through hydroxyapatite column chroma-
tography (Toraya and Mori, 1999).
Binding of ADP and Mg2+
As expected from the functional and fragmentary se-
quence similarities with Hsp70 family molecular chaper-
ones, an ADP molecule is bound at the nucleotide bind-
ing site of DDR in a similar manner to that of hsc70
(Flaherty et al., 1990). The oxygen atoms of a and bphos-
phates form hydrogen bonds to amide nitrogen atoms of
the backbone (Figure 4A), similar to what happens with
hsc70. Also, two hydrogen bonds with the ribose moi-
ety, OE2(Ea459)-O20(ribose) and NZ(Ka462)-O20(ribose),
are conserved in hsc70. The hydrogen bond OG1(Sa13)-
O2A(phosphate) and the salt bridge NH1(Ra591)-
O2A(phosphate) are absent in hsc70. Another Mg2+ ion
is also found at the nucleotide binding site. This Mg2+
ion is octahedrally coordinated by an oxygen atom of
the b phosphate group and five water molecules.
Upon ADP binding, the largest conformational change
occurs in the ATPase domain, that is, the distance be-
tween the two domains composing the ATPase domain
becomes closer, whereas the linker domain shows the
smallest deviation (Figures 2B and 4B). This means that
the movement of the swiveling domain is brought about
through the movement of another part of the molecule.
The ATPase domain has direct contact with the swiveling
domain of the other a subunit. For example, the direction
of the movement of the swiveling domain in the C chain is
almost the same as that of the ATPase domain in the
neighboring a subunit (A chain) and that of the adjacent
b subunit (D chain). The linker domain, covalently linked
to the ATPase domain, shows smaller conformational
change than the swiveling domain. This means that the
linker domain acts as a flat spring or a hinge for the do-
main movement of the swiveling domain.
Another important change is the movement of the in-
sert domain. Other than the largest conformational
change in the ATPase domain, the second largest con-
formational change is found in the insert domain. The in-
sert domain is directly linked to thea11 helix of thea sub-
unit, whose Ea459 and Ka462 form hydrogen bonds to
the 20-OH group of the ribose moiety of ADP, as de-
scribed above. It is worth noting that Ka463, anotherresidue in the a11 helix of the a subunit, forms
a charge-transfer cation-p interaction (Ma and Dough-
erty, 1997) (Figure 4A). The corresponding residue in
hsc70 is arginine, indicating that an amino acid residue
with a positive charge at this position is important for
the binding of the nucleotide base moiety. These inter-
actions pull the a11 helix toward the base of the mole-
cule, resulting in the movement of the insert domain.
The structural changes of the insert domain and the ad-
jacent parts of the ATPase domain upon ADP binding
seem to be mainly induced due to these two hydrogen
bonds with the ribose moiety, whereas the conforma-
tional change of the rest of the domain is caused by
the binding of the pyrophosphate group of ADP.
The total contact area between the DDR a and b sub-
units is 1,209 and 1,391 A˚2 in the AB and CD dimers, re-
spectively, in the ADP bound form and 1,154 and 1,251
A˚2 in the AB and CD dimers, respectively, in the nucleo-
tide-free form. However, the contact area between the
DDR b subunit and the insert domain of the same a sub-
unit was 325 and 375 A˚2 in the AB and CD dimers, re-
spectively, in the ADP bound form and 362 and 397 A˚2
in the AB and CD dimers, respectively, in the nucleo-
tide-free form. Thus, the interaction of the b subunit
with the insert domain in the same dimer may become
slightly weakened by ADP binding to the DDR a subunit.
This would be because the ATPase domain takes
a closed conformation upon ADP binding (Figure 2B).
In contrast, the b subunit moves with the swiveling do-
main, because the amino acid residues from both sub-
units coordinate to the Mg2+ ion. It should be noted
that both the ADP bound and nucleotide-free forms of
DDR form a tight complex with apoDD (Mori and Toraya,
1999). This may be the reason why the total contact
areas are not so much affected by the binding of ADP.
For full understanding of the nucleotide-switching
mechanism of DDR, we have to await the crystal struc-
ture determination of DDR in complex with ATP or its
nonhydrolyzable analog.
Possible Interactions of DDR with DD
As shown in Figure 2D, the fold of the DDR b subunit is
very similar to that of the DD b subunit, which has a
fold similar to the b subunit of glycerol dehydratase, as
well. In addition, it was suggested that the interaction
between the a and b subunits of DDR might be weak-
ened, at least partly, by ADP binding to the nucleotide
binding site in the DDR a subunit. Therefore, the dis-
placement of the DDR b subunit by DD through the b sub-
unit would be possible. Two kinds of displacement mod-
els could be considered. If the a and b subunits of DDR
are abbreviated as aR and bR, respectively, and the a, b,
and g subunits of DD are abbreviated as aD, bD, and gD,
respectively, for simplicity, one model involves the for-
mation of the hypothetical (aR$bDaDgD)2 complex, and
the other model involves the formation of the hypothet-
ical (aRbR$aDgD)2 complex. The subunit exchange model
in which (aR$bD)2 or (bR$aDgD)2 are formed seems to be
less likely, because the displacement of the DDR b or
DD b subunit by entire DD or DDR molecules would be
energetically more favorable than that by the corre-
sponding subunit itself. For the formation of (aR$bD
aDgD)2 and (aRbR$aDgD)2 complexes, dissociation of ab
in DDR and ab in DD, respectively, is required. The
Structure
1750Figure 4. Comparison of the Structure be-
tween the ADP Bound and Nucleotide-free
Forms
(A) The ADP binding site. The stick models
colored in the by-atom coding and in light
gray indicate the ADP bound and nucleo-
tide-free forms, respectively. Yellow and
blue dotted lines are hydrogen bonds and co-
ordination bonds, respectively.
(B) The overall view. The ADP bound form is
colored as in Figure 2C. The nucleotide-free
form (gray) is superimposed on that of the
ADP bound form. The B chain is not shown
for simplicity.ADP molecule binds to the DDR a subunit. Therefore, the
formation of the former complex seems to be more likely
than that of the latter complex, although direct biochem-
ical or structural evidence for this is not yet available.
Liao et al. (2003b) also postulated a similar GD$GDR
complex in their ‘‘subunit swap’’ model.
The docking model of the (aR$bDaDgD)2 complex was
constructed from the structures of DDR and DD by
superimposing the structure of the DDR b subunit onto
that of the DD b subunit (Figure 5A). The modeled struc-
ture indicates that there is marked steric repulsion be-
tween the insert domain of the ADP bound DDR a sub-
unit and the a22 helix of the DD a subunit and between
the a1 helix (mainly E52) of the DDR a subunit and the
DD ag subunits. The parts of the DD a subunit pushed
by DDR a are marked in red in Figure 5. It should be
noted that the two dimers are not completely symmetri-
cal when the DD b subunit is superimposed onto the B or
D chain of DDR. As shown in Figure 5B, there is main re-
pulsion between the insert domain of the ADP bound
DDR a chain and the a22 helix of the DD a subunit. In
the C chain, however, the repulsion at this region is
less than in the A chain, but the repulsion between the
a1 helix of the DDR C chain and the DD ag subunits is
more than in the A chain. The numbers of atoms that
come closer than 3.5 A˚ in the modeled structures of
(A$bDaDgD)2 and (C$bDaDgD)2 complexes are 42 and 79,
respectively, in the ADP bound form and 60 and 65, re-
spectively, in the nucleotide-free form. It is thus sug-
gested that ADP binding to DDR increases the repulsion
between the DDR C chain and the DD a subunit in the
(C$bDaDgD)2 complex, whereas it decreases the repul-sion between the DDR A chain and the DD a subunit in
the (A$bDaDgD)2 complex. Thus, the amino acid side
chains that come closer than the van der Waals contact
in the modeled structures would push aside each other,
which could bring about the tilting of the DD a subunit
with respect to the DD b subunit. The positions of these
residues in the insert domain of the a subunit move away
by about 6 A˚ in the nucleotide-free form of DDR, and,
thus, the steric repulsion seems to be much less or neg-
ligible in the absence of ADP. There are no direct interac-
tions between DD and either the ATPase or linker do-
mains in the modeled structure of the (aR$bDaDgD)2
complex (Figure 5A). The swiveling domain has no direct
interaction with DD, except for that with the DD b sub-
unit.
Proposed Mechanism for the Release of a Damaged
Cofactor from DD upon ADP Binding to DDR
From the X-ray structures of the ADP bound and nucle-
otide-free forms of DDR as well as the above-mentioned
modeling study, we propose here the mechanism shown
in Figure 6 for the reactivation of DD by DDR. Binding of
ADP to the ATPase domain of DDR induces the marked
conformational change of its a subunits. This seems to
be transmitted to the b subunits through the swiveling
domain of the neighboring a subunit and the insert do-
main of the same a subunit. As a result, the interaction
between the a and b subunits could be weakened. Since
the fold of the DDR b subunit is very similar to that of the
DD b subunit, it would be reasonable to assume that the
displacement of the DDR b subunit by DD through the b
subunit becomes possible. The modeling study of the
Structures of Diol Dehydratase-Reactivating Factor
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(A) The overall view. The DDR B and D chains in the nucleotide-free form and the DD b subunit are superimposed on B (upper panel) and D (lower
panel) chains in the ADP bound form, respectively. The DD a and g subunits are shown in the orange and blue Ca-trace models, and the residues
of DD contacting the DDR a subunit are highlighted in red. The color codes of the other components are the same as in Figures 2D and 4B.
(B) The close-up view of the contacting region. Stick models are displayed for the residues containing the atoms of DDR contacting or overlap-
ping DD. These atoms are shown in red for the ADP bound form and in blue for the nucleotide-free form. The contact regions of the A$bDaDgD and
C$bDaDgD complexes are shown on the left and right, respectively.(A$bDaDgD)2 and (C$bDaDgD)2 complexes suggests that
the binding of the DD b subunit to the ADP bound form
of the DDR a subunit (A and C chains) induces the steric
repulsion between the insert domain of the DDR C chain
and the DD a subunit, that is, the insert domain and the
a1 helix of the ADP bound C chain pushes aside the a22
helix and other parts of the DD a subunit. This would
cause the tilting of the DD a subunit with respect tothe DD b subunit and thus lead to the release of the dam-
aged cofactor, an adenine-lacking cobalamin, from DD,
because cobalamin is bound between the a and b sub-
units of the enzyme.
One of the structures reported here is the first, to our
knowledge, structure of the reactivating factors for
AdoCbl-dependent enzymes in the ADP bound form.
From the structural similarity with Hsp70 family
Structure
1752molecular chaperones, it was suggested that DDR,
GDR, and Hsp70 molecular chaperones are evolved
from a common ancestor protein (Toraya, 2003). The
structures and mechanisms of their nucleotide (ADP/
ATP) switches might be conserved in their molecular
evolution.
Experimental Procedures
Expression and Purification of DDR
Wild-type and selenomethionine-substituted DDRs of K. oxytoca
were overexpressed in methionine-auxotrophic E. coli B834 (No-
vagen) harboring expression plasmid pUSI2ENd(6/5b) (Toraya and
Mori, 1999) that were grown in the presence of methionine and sele-
nomethionine, respectively (Mori et al., 2005). DDRs were purified to
Figure 6. Proposed Mechanism of the Reactivation of Inactivated
holoDD by DDR
X-Cbl, a damaged cofactor. aR and bR, a and b subunits of DDR; aD,
bD, and gD, a, b, and g subunits of DD. (aR$bDaDgD)2 represents one
of the hypothetical forms of the DD$DDR complex, and other forms
of the complex can also be considered.homogeneity according to the method described previously (Toraya
and Mori, 1999).
Crystallization
Both wild-type and selenomethionine-substituted DDRs were crys-
tallized in the nucleotide-free and ADP bound forms under similar
conditions (Mori et al., 2005). Purified DDRs (20–40 mg/ml in 10
mM potassium phosphate buffer [pH 8.0]) were incubated at 30ºC
for 30 min with either 50 mM 2-mercaptoethanol (for the ADP bound
form) or 10 mM dithiothreitol (for the nucleotide-free form). To 2-mer-
captoethanol-treated DDR were added 2 mM ADP and 2 mM MgCl2,
and the mixtures were incubated at 20ºC for 20 min. Crystals were
grown by the sandwich-drop vapor-diffusion method at 4ºC against
0.5 ml reservoir solution containing 15% PEG 6000, 90 mM ammo-
nium sulfate, 12 mM Tris-HCl (pH 8.0), 20% PEG 400, and either 50
mM 2-mercaptoethanol (for the ADP bound form) or 10 mM dithio-
threitol (for the nucleotide-free form). The crystal-growth droplet
was composed of 30 ml DDR solution and 30 ml reservoir solution.
Data Collection
All of the X-ray diffraction data sets were measured at 100 K. The
data sets of the ADP bound and nucleotide-free forms of wild-type
DDR (Mori et al., 2005) and the MAD data sets of the ADP bound
form were collected at the BL41XU and BL38B1 beamlines,
SPring-8, Japan, respectively. Three data sets close to the K absorp-
tion edge of selenium were obtained. A total of 180 images with 1º
oscillation were recorded for each data set by using the ADSC
CCD detector system and were processed and scaled by using
HKL2000 (Otwinowski and Minor, 1997). The auto-indexing indi-
cated that the crystal belongs to one of the orthorhombic space
groups, and the reflection conditions suggested space group
P212121. The Matthews volumes, VM (Matthews, 1968), are 3.17
and 3.33 A˚3Da21 for the ADP bound and nucleotide-free forms of
wild-type DDR, respectively, assuming one (ab)2 heterotetramer
(two ab heterodimers) per asymmetric unit (Mori et al., 2005). These
correspond to the solvent contents of 61.2% and 63.1%, respec-
tively. The summary of data collection and phasing statistics is listed
in Table 1.Table 1. Data Collection and Refinement Statistics
ADP Bound Form
Nucleotide-free Form
Native Peak Edge Remote Native
Data Collection and Phasing Statistics
Space group P212121 P212121 P212121
Unit cell parameters (A˚) a = 83.26,
b = 84.60,
c = 280.09
a = 83.57,
b = 85.10,
c = 281.06
a = 81.92,
b = 85.37,
c = 296.99
Wavelength (A˚) 1.00000 0.97904 0.97922 0.97100 1.00000
Resolution range (A˚) 50–2.00 (2.07–2.00) 50–2.60 (2.69–2.60) 50–2.60 (2.69–2.60) 50–2.60 (2.69–2.60) 30–3.00 (3.11–3.00)
Measured reflections 925,259 435,335 436,384 437,574 287,550
Unique reflections 133,910 62,041 62,160 62,207 41,979
Completeness (%) 99.9 (99.8) 99.0 (90.6) 99.0 (90.6) 99.4 (94.4) 97.7 (93.3)
Rmerge (%) 8.7 (59.8) 9.8 (38.1) 8.4 (38.7) 8.8 (40.0) 7.9 (60.6)
Multiplicity 6.9 (5.0) 7.0 7.0 7.0 6.8
I/s(I) 11.2 16.6 16.0 16.0 8.9
Refinement Statistics
Resolution range (A˚) 50–2.00 (2.07–2.00) 50–3.00 (3.11–3.00)
Rwork (%) 19.8 (28.1) 23.8 (46.0)
Rfree (%) 23.2 (31.5) 31.3 (51.1)
Number of protein atoms 10,598 10,633
Number of heteroatoms 68 27
Number of water
molecules
806 33
Rms deviations from
ideal values
Bond lengths (A˚) 0.005 0.007
Bond angles (º) 0.9 1.1
Structures of Diol Dehydratase-Reactivating Factor
1753Structural Determination and Refinement
Initial phases for the ADP bound form were determined by the MAD
method by using the program SHARP (de La Fortelle and Bricogne,
1997). Selenium sites were identified by the program SnB (Weeks
and Miller, 1999). A partial model was automatically built by using
the program ARP/wARP (Perrakis et al., 1999), followed by manual
building for the missing residues by the program XFIT (McRee,
1993). The initial model was then used for positional and B factor re-
finement against the native data set of the ADP bound form by the
program CNS (Brunger et al., 1998), followed by several cycles of
manual model rebuilding by XFIT and refinement to give an R factor
of 19.8% (Table 1).
The structure of the ADP-free form was solved by the molecular
replacement method by using the ADP bound form as an initial
model. The crossrotation and translation functions calculated by
the program CNS clearly indicated the correct rotation and transla-
tion parameters. Refinement for this form was carried out by the sim-
ilar method applied for the ADP bound form. The final refinement
statistics are given in Table 1.
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